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Abstract
To investigate the effects of exogenous nitric oxide (NO) on aluminum toler-
ance in eucalyptus seedlings under aluminum stress, four species of three-month-
old eucalyptus seedlings (Eucalyptus grandis, Eucalyptus urophylla, Eucalyptus
tereticornis, and Eucalyptus urophylla × E. grandis) were used as experimental
materials, with sodium nitroprusside (SNP) as the exogenous NO donor, using
a hydroponic method to examine the effects of different NO concentrations (0,
50, 100, 200, 400, 800 �mol・L−1) on physiological indices such as ROS, antiox-
idant enzyme activities, and organic osmotic adjustment substance contents in
eucalyptus seedlings under 120 mg・L−1 aluminum stress, and to compare the
differences in aluminum tolerance among the four eucalyptus species under NO
treatment. The results showed that: (1) Under aluminum stress, the addition
of appropriate concentrations of exogenous NO (50 �mol・L−1 ≤ NO ≤ 200
�mol・L−1) promoted increases in soluble sugar and soluble protein contents,
antioxidant enzyme (SOD, POD, CAT, APX) activities, scavenging of ROS,
and reduction of MDA accumulation, thereby enhancing aluminum resistance
in the four eucalyptus species, whereas under high NO concentration (≥ 800
�mol・L−1) treatment, antioxidant enzyme activities and osmotic adjustment
substance contents decreased, exhibiting stress responses. (2) Nitric oxide had
a strong enhancing effect on aluminum tolerance in aluminum-sensitive eucalyp-
tus, while the enhancement was not significant in aluminum-tolerant eucalyptus,
ultimately leading to convergence of aluminum resistance among the four euca-
lyptus species under NO treatment. (3) Indices such as SOD, MDA, CAT, O2

−,
soluble protein, and soluble sugar can serve as key indicators for evaluating alu-
minum tolerance in eucalyptus. This study provides scientific reference for the
selection of aluminum-tolerant eucalyptus germplasm resources and lays a foun-
dation for understanding the mechanisms by which NO regulates interspecific
differences in aluminum tolerance in eucalyptus.
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Abstract
This study investigated the effects of exogenous nitric oxide (NO) on aluminum
tolerance in Eucalyptus seedlings under aluminum stress. Using sodium nitro-
prusside (SNP) as an NO donor, we employed hydroponic culture to examine the
impacts of different NO concentrations (0, 50, 100, 200, 400, and 800 �mol・L−1)
on physiological indicators including reactive oxygen species (ROS), antioxidant
enzyme activities, and organic osmotic adjustment substance contents in four
three-month-old Eucalyptus species (Eucalyptus grandis, E. urophylla, E. tereti-
cornis, and E. urophylla × E. grandis) under 120 mg・L−1 aluminum stress. We
also compared differences in aluminum resistance among the four species under
NO treatment. The results showed that: (1) Under aluminum stress, supple-
mentation with appropriate concentrations of exogenous NO (50 �mol・L−1 ≤
NO ≤ 200 �mol・L−1) promoted increases in soluble sugar and soluble protein
contents, enhanced antioxidant enzyme activities (SOD, POD, CAT, APX), fa-
cilitated ROS scavenging, reduced MDA accumulation, and improved aluminum
resistance in all four species. However, at high NO concentrations (≥ 800 �mol・
L−1), antioxidant enzyme activities and osmotic adjustment substance contents
decreased, exhibiting stress responses. (2) Nitric oxide significantly improved
aluminum tolerance in sensitive Eucalyptus species but had less pronounced
effects on tolerant species, ultimately resulting in similar aluminum resistance
across all four species under NO treatment. (3) SOD, MDA, CAT, O2

−, soluble
protein, and soluble sugar can serve as key indicators for evaluating aluminum
tolerance in Eucalyptus. This study provides a scientific reference for selecting
aluminum-tolerant Eucalyptus germplasm resources and lays a foundation for
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understanding the mechanisms underlying NO regulation of interspecific differ-
ences in aluminum tolerance.

Keywords: Eucalyptus, exogenous NO, aluminum stress, physiological indica-
tors, principal component analysis, aluminum resistance

Introduction
Aluminum is the most abundant metal element in the Earth’s crust. Aluminum
toxicity induces the generation of large amounts of reactive oxygen species
(ROS) in plants, causing oxidative stress that increases cell membrane perme-
ability (Pereira et al., 2011). Addressing aluminum toxicity to effectively utilize
acidic soil resources has become a significant concern for soil and plant scientists.
Eucalyptus (Eucalyptus spp.), belonging to the family Myrtaceae and genus Eu-
calyptus (Xie Yaojian, 2015), has a long cultivation history, rapid growth, wide
adaptability, and high yield, occupying an important position in China’s forestry
industry (Huang Liping et al., 2022; Wei Yihui et al., 2021). Eucalyptus plan-
tations are primarily distributed in southern China, where soils are acidic and
highly weathered, with abundant aluminum and iron content (Huang Qianqian,
2021) that inhibits Eucalyptus growth and development, severely affecting yield
and quality.

Nitric oxide (NO) is an important redox signaling molecule that regulates plant
growth and development and transmits signals to enhance stress resistance when
plants are under stress. However, NO may also act as a reactive nitrogen species
that accumulates in large quantities within plants, causing nitrosative stress
and damaging plants (Li Yan, 2017). Recent research has explored NO’s role in
alleviating aluminum toxicity in plants, with several mechanisms identified: (1)
enhancing antioxidant capacity (González et al., 2012); (2) reducing heavy metal
accumulation in plants (Xiong et al., 2009); and (3) regulating expression of
metal resistance-related genes (Xiong et al., 2010). Studies have shown that NO
reduces aluminum-induced oxidative damage and improves aluminum resistance
in Phoebe bournei, soybean, and tobacco by regulating osmotic substances and
increasing antioxidant enzyme activities (Li Lin, 2020; Wang Huahua et al.,
2019; Liu Qiang et al., 2017). Both hydrogen peroxide (H2O2) and NO are
small molecular signaling substances with dual physiological functions of toxicity
and cell protection (Yu et al., 2014). Under stress conditions, the effects of
endogenous H2O2 and exogenous NO on antioxidant system metabolism play
crucial roles in plant stress responses (Yin et al., 2010). However, the effects
of exogenous NO on H2O2 metabolism and antioxidant system responses in
Eucalyptus under aluminum stress have not been reported and warrant in-depth
investigation.

To better understand NO’s influence on aluminum resistance mechanisms in
Eucalyptus species with different aluminum tolerances, we selected four Euca-
lyptus species with significantly different aluminum tolerances identified in our
previous research: pure species Eucalyptus grandis, E. tereticornis, E. urophylla,
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and hybrid E. urophylla × E. grandis (Liang Yanhong, 2022; Li Tangkan, 2020).
Among these, E. grandis and E. tereticornis are aluminum-sensitive, while E.
urophylla and E. urophylla × E. grandis are aluminum-tolerant. Using hydro-
ponic culture, we measured and analyzed the effects of different NO concentra-
tions on ROS, antioxidant enzyme activities, osmotic adjustment substances,
and membrane lipid peroxidation indicators in Eucalyptus seedlings under alu-
minum stress. We aimed to address: (1) how physiological indicators in leaves of
Eucalyptus species with different aluminum tolerances change under aluminum
stress and their relationship with aluminum tolerance; (2) how exogenous NO
treatment affects differences in aluminum tolerance among the four Eucalyptus
species; and (3) what NO concentration ranges are beneficial for improving alu-
minum resistance in each of the four species. The results will provide theoretical
references for improving aluminum tolerance in Eucalyptus seedlings in acidic
soils and for breeding and utilizing aluminum-tolerant Eucalyptus germplasm
resources, offering guidance for high-quality and high-yield cultivation of Euca-
lyptus in aluminum-contaminated soil areas.

1.1 Experimental Materials

The experimental materials consisted of healthy, uniformly growing three-
month-old Eucalyptus seedlings (E. grandis, E. urophylla, E. tereticornis, and
E. urophylla × E. grandis) provided by the Forest Science Research Institute
of Guangxi Dongmen Forest Farm (107°84�E, 22°17�N). After transport to
the College of Forestry, Guangxi University (108°17�9.00�E, 22°50�28.41�N,
subtropical monsoon climate with annual average temperature of 22.6°C and
annual rainfall of 1,100–1,300 mm), the seedlings were cultivated hydroponically
outdoors from April 10 to April 24, 2022. The hydroponic method followed Lu
Mingying (2014). Soil was gently removed from seedling roots, which were then
rinsed with tap water, disinfected in 1‰ carbendazim solution for 20 minutes,
and rinsed again. Plants were secured on fully opaque pearl cotton foam boards
cut to fit black plastic buckets (17.8 cm × 17.9 cm). Seedlings were evenly
fixed on the foam boards and placed in black plastic buckets containing 2.5 L
of Hoagland nutrient solution (pH 5.5) with 0.5 mmol・L−1 CaCl2 (formulation
shown in Table 1 ). Oxygen pumps were connected to provide continuous
24-hour aeration (see Figure 1 [Figure 1: see original paper] for the complete
setup). The nutrient solution was replaced every three days. After one week of
hydroponic culture, the pH of fresh nutrient solution was gradually adjusted to
4.5 using 1 mol・L−1 HCl and NaOH solutions. After 14 days of hydroponic
culture, uniformly vigorous seedlings were selected for treatment.

1.2 Experimental Design

The experiment was conducted outdoors at the College of Forestry, Guangxi
University using a completely randomized design. Treatments were applied
from April 24 to April 26, 2022. Healthy, uniformly growing seedlings (height
30$±10𝑐𝑚, 𝑔𝑟𝑜𝑢𝑛𝑑𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟5±2𝑚𝑚)𝑤𝑒𝑟𝑒𝑠𝑒𝑙𝑒𝑐𝑡𝑒𝑑𝑓𝑟𝑜𝑚𝑡ℎ𝑒ℎ𝑦𝑑𝑟𝑜𝑝𝑜𝑛𝑖𝑐𝑐𝑢𝑙𝑡𝑢𝑟𝑒.𝐴𝑙𝐶𝑙{3}·7𝐻{2}𝑂𝑤𝑎𝑠𝑢𝑠𝑒𝑑𝑎𝑠𝑡ℎ𝑒𝐴𝑙^{3+}$
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source and SNP as the NO donor. Seven treatments were established for each
Eucalyptus species (Table 2 ), with the aluminum concentration of 120 mg・L−1

based on preliminary experiments (Liang Yanhong, 2022; Li Tangkan, 2020;
Liang Junxia, 2020; Liang et al., 2022). Each treatment had three replicates
(three pots) with six seedlings per replicate (six seedlings/pot), totaling 126
seedlings per species and 504 seedlings across all four species. After 48 hours of
oxygen pump treatment, middle-position leaves were collected from seedlings
and stored at -80°C for subsequent indicator measurement.

1.3 Measurement Indicators and Methods

MDA content was measured using the thiobarbituric acid method, soluble pro-
tein content using the Coomassie brilliant blue G-250 method, and soluble sugar
content using the anthrone colorimetric method. Ascorbate peroxidase (APX)
activity was determined by the vitamin C oxidation method (Wang Xuekui,
2000; Li Hesheng, 2000). Superoxide dismutase (SOD) activity was measured
by the nitroblue tetrazolium method, peroxidase (POD) activity by the guaia-
col method, and catalase (CAT) activity by the ultraviolet absorption method
(Chen Jianxun and Wang Xiaofeng, 2006). Superoxide anion (O2

−) production
rate was determined by the hydroxylamine oxidation reaction method (Kong Xi-
angsheng and Yi Xianfeng, 2008), and hydrogen peroxide (H2O2) content was
measured by the titanium sulfate colorimetric method (Yi et al., 2015).

1.4 Data Processing

Experimental data were organized using Excel 2016 and expressed as means
± standard deviation of three replicates. Duncan’s multiple range test (P <
0.05) was performed using SPSS 26.0 software. Bar charts were created using
Sigmaplot 12.0, and principal component analysis was conducted using R (R
Core T, 2020). To better compare the response differences of the four Eucalyptus
species to Al and SNP treatments and balance their differences in the original
state (CK, no Al or SNP treatment), relative physiological indicators were used
to reflect their response degrees to Al and SNP treatments, calculated as follows
(Liang et al., 2022):

Relative value of T1 = Measured value of T1 treatment / Measured value of
CK group
Relative values of T2–T6 = (Measured value of each T2–T6 treatment) / Mea-
sured value of T1 treatment

2.1 Effects of Treatments on O2
− Production Rate, H2O2 Content,

and MDA Content in Eucalyptus Seedlings

As shown in Figure 2 [Figure 2: see original paper], compared with CK, alu-
minum stress treatment (T1) significantly increased O2

− production rate in E.
grandis but had no significant effect on the other three species. With increasing
SNP concentration, O2

− production rates in leaves of all four Eucalyptus species
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showed a trend of first decreasing then increasing. E. grandis reached its min-
imum at T2, decreasing significantly by 3.48% compared with T1 (P < 0.05).
E. urophylla reached its minimum at T3, decreasing significantly by 3.79% (P
< 0.05). E. tereticornis reached its minimum at T4, decreasing significantly
by 5.67% (P < 0.05). E. urophylla × E. grandis reached its minimum at T2,
decreasing significantly by 1.94% (P < 0.05). All four species showed relatively
low O2

− production rates at T2, T3, and T4, indicating that appropriate SNP
concentrations help reduce O2

− production in Eucalyptus.

Compared with CK, T1 significantly increased H2O2 accumulation in E. uro-
phylla seedlings but had no significant effect on the other three species. With
increasing SNP concentration, H2O2 content in leaves of all four species showed
a trend of first decreasing then increasing. E. grandis reached its minimum
at T3, decreasing significantly by 13.50% compared with T1 (P < 0.05). E.
urophylla reached its minimum at T5, decreasing significantly by 23.77% (P
< 0.05). E. tereticornis reached its minimum at T4, decreasing significantly
by 4.69% (P < 0.05). E. urophylla × E. grandis reached its minimum at T4,
decreasing significantly by 13.32% (P < 0.05). All four species showed rela-
tively low H2O2 contents at T3, T4, and T5, indicating that appropriate SNP
concentrations help reduce H2O2 content in Eucalyptus.

Compared with CK, MDA content showed no significant change in E. urophylla
under T1 but increased significantly in the other three species. With increasing
SNP concentration, MDA content in leaves of all four species generally showed a
trend of first decreasing then increasing. E. grandis reached its minimum at T3,
decreasing significantly by 54.29% compared with T1 (P < 0.05). E. urophylla
reached its minimum at T3, decreasing significantly by 36.03% (P < 0.05). E.
tereticornis reached its minimum at T4, decreasing significantly by 40.81% (P
< 0.05). E. urophylla × E. grandis reached its minimum at T3, decreasing
significantly by 65.57% (P < 0.05). All four species reached their minimum
values at either T3 or T4, indicating that appropriate SNP concentrations help
reduce MDA content in Eucalyptus.

2.2 Effects of Treatments on Antioxidant Enzyme Activities in Euca-
lyptus Seedlings

As shown in Figure 3 [Figure 3: see original paper], compared with CK, T1
significantly increased SOD activity in E. tereticornis seedlings. With increasing
SNP concentration, SOD activity in leaves of all four species generally showed a
trend of first increasing then decreasing. E. grandis reached maximum activity
at T3, increasing significantly by 9.14% compared with T1 (P < 0.05). E.
urophylla reached maximum activity at T5, 2.22 times that of T1. E. tereticornis
reached maximum activity at T4, 1.82 times that of T1. E. urophylla × E.
grandis reached maximum activity at T4, 1.86 times that of T1. All four species
generally reached maximum values at T3, T4, or T5, indicating that appropriate
SNP concentrations help increase SOD activity.
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Compared with CK, T1 significantly increased POD activity in E. grandis and
E. tereticornis seedlings but had no significant effect on E. urophylla and E.
urophylla × E. grandis. With increasing SNP concentration, POD activity in
E. urophylla × E. grandis showed no significant change, while the other three
species showed a trend of first increasing then decreasing. E. grandis reached
maximum activity at T3, increasing significantly by 53.06% compared with T1
(P < 0.05). E. urophylla reached maximum activity at T5, increasing signifi-
cantly by 66.04% (P < 0.05). E. tereticornis reached maximum activity at T4,
increasing significantly by 50.00% (P < 0.05). E. urophylla × E. grandis reached
maximum activity at T6, with no significant difference from T1 (P > 0.05), in-
dicating that appropriate SNP concentrations help increase POD activity.

Compared with CK, T1 significantly increased CAT activity in E. tereticornis
seedlings. With increasing SNP concentration, CAT activity in leaves of all four
species showed a trend of first increasing then decreasing. E. grandis reached
maximum activity at T3, with no significant difference from T1 (P > 0.05). E.
urophylla reached maximum activity at T2, 3.72 times that of T1. E. tereticornis
reached maximum activity at T6, increasing significantly by 41.11% compared
with T1 (P < 0.05). E. urophylla × E. grandis reached maximum activity at
T3, 3.08 times that of T1, indicating that appropriate SNP concentrations help
increase CAT activity.

Compared with CK, T1 significantly increased APX activity in E. grandis and
E. urophylla seedlings but had no significant effect on E. tereticornis and E.
urophylla × E. grandis. With increasing SNP concentration, APX activity in
leaves of all four species showed a trend of first increasing then decreasing. E.
grandis reached maximum activity at T3, increasing significantly by 25.33%
compared with T1 (P < 0.05). E. urophylla reached maximum activity at T5,
increasing significantly by 33.59% (P < 0.05). E. tereticornis reached maximum
activity at T5, increasing significantly by 54.24% (P < 0.05). E. urophylla ×
E. grandis reached maximum activity at T4, 2.36 times that of T1, indicating
that appropriate SNP concentrations help increase APX activity.

2.3 Effects of Treatments on Osmotic Adjustment Substance Contents
in Eucalyptus Seedlings

As shown in Figure 4 [Figure 4: see original paper], compared with CK, T1
significantly increased soluble protein content in E. urophylla seedlings. With
increasing SNP concentration, soluble protein content in leaves of all four species
showed a trend of first increasing then decreasing. E. grandis reached maximum
content at T5, increasing significantly by 8.04% compared with T1 (P < 0.05).
E. urophylla reached maximum content at T5, increasing significantly by 15.37%
(P < 0.05). E. tereticornis reached maximum content at T5, increasing signif-
icantly by 10.96% (P < 0.05). E. urophylla × E. grandis reached maximum
content at T2, increasing significantly by 5.02%. All four species reached maxi-
mum values at either T2 or T5, indicating that appropriate SNP concentrations
help increase soluble protein content in Eucalyptus seedlings.
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Compared with CK, T1 significantly increased soluble sugar content in E. uro-
phylla and E. tereticornis but had no significant effect on E. grandis and E.
urophylla × E. grandis. With increasing SNP concentration, soluble sugar con-
tent in leaves of all four species showed a trend of first increasing then decreasing.
E. grandis reached maximum content at T3, increasing significantly by 13.51%
compared with T1 (P < 0.05). E. urophylla reached maximum content at T2,
increasing significantly by 33.20% (P < 0.05). E. tereticornis reached maximum
content at T3, increasing significantly by 31.11% (P < 0.05). E. urophylla ×
E. grandis reached maximum content at T4, increasing significantly by 8.21%.
All four species reached maximum values at T2, T3, or T4, indicating that ap-
propriate SNP concentrations help increase soluble sugar content in Eucalyptus
seedlings.

2.4 Principal Component Analysis of Four Eucalyptus Species

To examine differences in nine physiological indicators among the four Eucalyp-
tus species, we performed principal component analysis to reduce the dimension-
ality of response variables. As shown in Table 3 , under single aluminum stress,
two principal components were retained, with the first and second components
contributing 42.90% and 37.11% respectively, for a cumulative contribution of
80.01%. The first principal component was primarily influenced by SOD, MDA,
and CAT, while the second was mainly affected by O2

− production rate, soluble
sugar, and soluble protein. Under SNP treatment combined with aluminum
stress, the first, second, and third principal components contributed 27.96%,
21.58%, and 15.20% respectively, with a cumulative contribution of 64.74%.
The first principal component was primarily influenced by APX, SOD, CAT,
and soluble sugar; the second by O2

− production rate, MDA, and soluble pro-
tein; and the third by H2O2.

As shown in Figure 5 [Figure 5: see original paper], under single aluminum
stress, the four Eucalyptus species were clearly separated (Figure 5A), with E.
urophylla showing the strongest aluminum resistance, followed by E. urophylla
× E. grandis and E. grandis, while E. tereticornis showed the weakest resis-
tance. Under aluminum stress with SNP treatment, the points representing the
four species were relatively concentrated (Figures 5B, 5C, 5D), indicating that
aluminum resistance tended to become consistent across all four species with
NO addition.

Discussion
3.1 Effects of NO Addition on Eucalyptus Response to Aluminum
Stress

Eucalyptus seedling responses to aluminum stress primarily manifest in
cell membrane systems, protective enzyme activities, osmotic adjustment
substances, and metabolic activity (Li Tangkan, 2020). This study selected
representative indicators from these aspects to explore the protective effects of
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exogenous SNP on four Eucalyptus species under aluminum stress. Aluminum
stress generates large amounts of ROS in plants, causing oxidative stress that
damages biological macromolecules such as lipids, proteins, and DNA, leading
to cell death and affecting plant physiological status (Guo Peng, 2018). O2

−

and H2O2 are primary indicators of plant oxidative damage, while MDA is a
product of membrane lipid peroxidation. These are important physiological
indicators reflecting plasma membrane oxidative stress levels, with their
contents positively correlated with membrane oxidative damage (Yamamoto,
2019). When ROS accumulate in large quantities, plants activate antioxidant
systems for scavenging to maintain cellular redox homeostasis.

Our results showed that compared with the control group, aluminum stress treat-
ment significantly increased O2

− production rate and MDA accumulation in all
four Eucalyptus species. Addition of appropriate SNP concentrations (50–100
�mol・L−1 for E. grandis and E. urophylla, 100–200 �mol・L−1 for E. tereticor-
nis, and 50–200 �mol・L−1 for E. urophylla × E. grandis) effectively increased
SOD, POD, CAT, and APX activities and soluble protein and soluble sugar con-
tents while reducing O2

− production rate and MDA content, thereby decreasing
plasma membrane peroxidation damage. This indicates that appropriate SNP
concentrations under aluminum stress can enhance antioxidant enzyme activity
and strengthen ROS scavenging capacity to improve plant aluminum tolerance,
consistent with findings from Hou Wenjuan et al. (2019). However, application
of 800 �mol・L−1 SNP increased O2

− production rate and soluble protein content
while decreasing soluble sugar content and antioxidant enzyme activities such
as SOD in all four species. This may occur because, besides acting as a signaling
molecule in plant physiological processes, NO is also a reactive nitrogen species.
High SNP concentrations cause excessive accumulation of reactive nitrogen in
plants, leading to nitrosative stress. The dual stress of aluminum toxicity and
nitrosative stress severely damages the antioxidant system and inhibits antiox-
idant enzyme activities. Thus, NO as an important gaseous signaling molecule
has dual effects: appropriate exogenous NO application alleviates physiological
damage in Eucalyptus seedlings under aluminum stress, while high concentra-
tions produce inhibitory effects. These results align with studies on watermelon
(Xiao Jiaxiong et al., 2021), E. urophylla × E. grandis DH3229 (Hou Wenjuan
et al., 2019), and Castanopsis hystrix (Li Lin et al., 2020). To verify the ex-
tent of nitrosative stress effects, we will measure and analyze specific nitrosative
stress indicators (glutathione reductase (GSNOR) activity, peroxynitrite anion
(ONOO−), and NO distribution in plant tissues) in subsequent experiments to
further validate our experimental conclusions.

3.2 Key Indicators for Characterizing Aluminum Tolerance in Euca-
lyptus

Under single aluminum stress, PC1 primarily represented antioxidant capacity
and membrane lipid peroxidation degree, while PC2 represented osmotic ad-
justment substance content. Under aluminum stress with NO addition, PC1
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primarily represented antioxidant capacity, PC2 represented membrane lipid
peroxidation degree, and PC3 represented ROS accumulation degree. In sum-
mary, SOD, MDA, CAT, O2

−, soluble protein, and soluble sugar can serve as key
indicators for evaluating aluminum tolerance in Eucalyptus. When Eucalyptus
experiences aluminum stress, large amounts of ROS (including O2

− and H2O2)
accumulate in vivo. Plants primarily cope by increasing antioxidant enzyme ac-
tivities to scavenge ROS and by biosynthesizing soluble compounds (including
soluble sugars and soluble proteins) to regulate cellular osmotic conditions and
maintain membrane integrity and function (Benzarti et al., 2014).

3.3 Interspecific Differences in Aluminum Tolerance and Beneficial
Effects of NO on Aluminum Stress

Under single aluminum stress, E. urophylla showed the strongest aluminum re-
sistance, followed by E. urophylla × E. grandis and E. grandis, while E. tereti-
cornis showed the weakest resistance. This is primarily because E. urophylla
exhibited greater increases in APX activity under aluminum stress, enhancing
antioxidant capacity, and showed larger increases in osmotic adjustment sub-
stances, providing better membrane protection and lower membrane lipid per-
oxidation. Although E. tereticornis also had relatively high antioxidant enzyme
activities and osmotic adjustment capacity, its MDA content was also high, sug-
gesting that E. tereticornis responds sensitively to aluminum stress with active
resistance responses but is limited by inherent deficiencies, resulting in higher
membrane lipid peroxidation and weaker resistance. This is generally consistent
with our previous research results (Liang et al., 2022).

Interspecific differences in aluminum tolerance among Eucalyptus species may
be related to their adaptive evolutionary history. E. urophylla is native to
volcanic-derived soils in eastern Indonesian islands (7°30� to 10°S) (Sein &
Mitlöhner, 2011), where soils are rich in bauxite, iron ore, and aluminum/iron-
humus complexes (Ugolini & Dahlgren, 2002; Yatno & Zauyah, 2008). Long-
term selection in aluminum-rich environments has led to strong aluminum re-
sistance in E. urophylla (Steane et al., 2011). E. grandis is native to eastern
Australia (17 to 32°S) (Burgess, 1988). E. tereticornis has the widest natural
distribution, ranging from Papua New Guinea to southern Australia (6–38°S)
(González et al., 2021). Large latitudinal differences cause direct or indirect
anthropogenic and environmental effects on soil conditions (such as pH), poten-
tially resulting in strong stress plasticity in E. tereticornis. In this experiment,
we found E. tereticornis had the weakest aluminum resistance, but previous
experiments showed its aluminum tolerance was intermediate between E. uro-
phylla and E. grandis (Liang et al., 2022), possibly due to individual differences
among different seedling batches. Overall, differences in aluminum tolerance
among E. grandis, E. urophylla, and E. tereticornis may be attributed to their
different habitats. As a hybrid of E. urophylla and E. grandis, E. urophylla ×
E. grandis shows aluminum resistance intermediate between its parents. The
hybrid exhibits characteristics similar to its maternal parent (E. urophylla),
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suggesting that aluminum stress resistance is heritable, controlled by few genes,
and largely inherited in hybrid species. Genetic control of aluminum tolerance
has been identified in many plants, and aluminum-tolerant crop varieties have
been bred (Coelho et al., 2019; Miftahudin et al., 2021; Sara et al., 2020; Zhao
et al., 2018). Many countries have conducted research on Eucalyptus hybrid
improvement, breeding, and planting, developing improved varieties with high
yield, high resistance, and high adaptability (Zhu et al., 2018). This indicates
that breeding aluminum-tolerant Eucalyptus genotypes is feasible and promis-
ing. Notably, although this study found that the hybrid variety has strong alu-
minum tolerance similar to its maternal parent, the paternal parent has lower
aluminum tolerance. Therefore, reciprocal crossing experiments are needed to
further verify the genetic characteristics of aluminum tolerance in Eucalyptus.

Our results demonstrate that exogenous NO can reduce aluminum stress dam-
age and improve aluminum tolerance by activating antioxidant enzyme activities
and increasing osmotic adjustment substances. Previous studies found that in
ryegrass (Wu Ya, 2019) and tobacco (Liu Qiang et al., 2016), exogenous NO had
more pronounced alleviating effects on aluminum-sensitive genotypes (ryegrass
Nagahahikari and tobacco Yunyun 105) than on tolerant genotypes under alu-
minum stress, showing stronger aluminum tolerance. Our experiments revealed
similar results: under exogenous NO treatment, aluminum tolerance among the
four Eucalyptus species became relatively concentrated. This may be because
NO acts like a buffer, improving the aluminum resistance of originally weaker
species (E. grandis and E. tereticornis, the sensitive types) while having little
effect on the originally stronger E. urophylla (the tolerant type), ultimately
resulting in similar aluminum resistance across all four species under NO treat-
ment.

Appropriate NO concentrations (50–200 �mol・L−1) can improve Eucalyptus
aluminum resistance by enhancing antioxidant enzyme activities and osmotic
adjustment substance contents and reducing MDA content under aluminum
stress. However, excessive NO concentrations (≥ 800 �mol・L−1) cause stress
responses. Nitric oxide significantly improves aluminum tolerance in sensitive
Eucalyptus species but has less effect on tolerant species, ultimately resulting in
similar aluminum resistance across all four species under NO treatment. SOD,
MDA, CAT, O2

−, soluble protein, and soluble sugar can serve as key indicators
for evaluating aluminum tolerance in Eucalyptus.
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